A power system is vulnerable to faults, either due to natural disasters or by misoperation of the system due to operators' negligence. This can result in permanent damage to power system components leading to considerable costs for their replacement and in longer disconnections of power supply to customers, which is highly undesirable. This sets a requirement for a power system to sustain faults, while protection systems should minimize the damage in important components and the effect of faults as much as possible. This is achieved by using power system protection techniques and methodologies [1]. Microprocessor-based relays have their own algorithms for monitoring the power system through current and voltage inputs from CTs and VTs respectively. Protection relays are thoroughly tested using relay test sets to confirm their reliability and safe operation before commis sioning them in a substation. With the advent of RTS and compact reconfigurable I/O controllers , large power systems can be simulated and their behavior can be analyzed in both steady state and faulted conditions. Based on this analysis, protection system and power system controllers can be developed for more efficient, reliable and safe operation of power systems. RTS are cur rently being used for HIT.., validation, developing algorithms for adaptive protection, designing system integrity protection schemes (SIPS), remedial action schemes (RAS) and other applications [2] . In this paper, a detailed model for overcurrent relays is provided. To assess the performance of this model a test system is designed in SPS and is simulated in RT using Opal RT's eMEGAsim real-time simulator. Once the SIL model is certified, it is further validated by HIL simulation using the overcurrent protection function of Schweitzer Engineering Laboratories (SEL) relay SEL-487E. The results obtained by the SIT.., and the HIL are compared. SPS does not have a dedicated library for protection functions. Therefore it is necessary to validate the model with HIL so that the validated software model can be used for accurate representation of power system protection components. Similar approach for protection relay model validation has been demonstrated in [3] [4] using different modeling platform and RTS. The remainder of the paper is arranged as follows. Section II offers a literature review on overcurrent relays. Section III presents the details of the overcurrent relay modelled in SPS. Section IV focuses on the design of test system in SPS and incorporation of proposed relay model in the test case. SIL simulation and results are discussed in Section V, while standalone testing and HIL validation is explained in Section VI. Finally in Section VII, conclusions are drawn and future work is outlined.
I. I NTRODUCTION
A power system is vulnerable to faults, either due to natural disasters or by misoperation of the system due to operators' negligence. This can result in permanent damage to power system components leading to considerable costs for their replacement and in longer disconnections of power supply to customers, which is highly undesirable. This sets a requirement for a power system to sustain faults, while protection systems should minimize the damage in important components and the effect of faults as much as possible. This is achieved by using power system protection techniques and methodologies [1] . Microprocessor-based relays have their own algorithms for monitoring the power system through current and voltage inputs from CTs and VTs respectively. Protection relays are thoroughly tested using relay test sets to confirm their reliability and safe operation before commis sioning them in a substation. With the advent of RTS and compact reconfigurable I/O controllers , large power systems can be simulated and their behavior can be analyzed in both steady state and faulted conditions. Based on this analysis, protection system and power system controllers can be developed for more efficient, reliable and safe operation of power systems. RTS are cur rently being used for HIT.., validation, developing algorithms for adaptive protection, designing system integrity protection schemes (SIPS), remedial action schemes (RAS) and other applications [2] . In this paper, a detailed model for overcurrent relays is provided. To assess the performance of this model a test system is designed in SPS and is simulated in RT using Opal RT's eMEGAsim real-time simulator. Once the SIL model is certified, it is further validated by HIL simulation using the overcurrent protection function of Schweitzer Engineering Laboratories (SEL) relay SEL-487E. The results obtained by the SIT.., and the HIL are compared. SPS does not have a dedicated library for protection functions. Therefore it is necessary to validate the model with HIL so that the validated software model can be used for accurate representation of power system protection components. Similar approach for protection relay model validation has been demonstrated in [3] [4] using different modeling platform and RTS. The remainder of the paper is arranged as follows. Section II offers a literature review on overcurrent relays. Section III presents the details of the overcurrent relay modelled in SPS. Section IV focuses on the design of test system in SPS and incorporation of proposed relay model in the test case. SIL simulation and results are discussed in Section V, while standalone testing and HIL validation is explained in Section VI. Finally in Section VII, conclusions are drawn and future work is outlined.
II. O VERCURRENT R ELAYS
As the name states, an overcurrent relay provides protection against over currents. This relay uses current inputs from a CT and compares the measured values with preset values. Figure 1 shows the logical representation of an overcurrent relay. If the input current value exceeds the preset value, the relay detects an overcurrent and issues a trip signal to the breaker which opens its contact to disconnect the protected equipment. When the relay detects a fault, the condition is called fault pickup. The relay can send a trip signal instantaneously after picking up the fault (in the case of instantaneous overcurrent relays) or it can wait for a specific time before issuing a trip signal (in the case of time overcurrent relays). This time delay is also known as the operation time of the relay, and is computed by the relay on the basis of the protection algorithm incorporated in the microprocessor [5] .
A. Classification of Over-Current Relays Overcurrent relays are classified on the basis of their operation time, in the following three categories: 1) Instantaneous Overcurrent Relay: These relays instan taneously send a trip command to the breaker as soon as the fault is detected (input current greater than the preset value). They do not have any intentional time delay. They are usually implemented close to the source where the fault current level is very high and a small delay in operation of relay can cause heavy damage to the equipment. So an instantaneous relay is used there to detect and respond to a fault in few cycles.
2) Definite Time Overcurrent Relay: This type of over current relay is used for backup protection (e.g. back up protection for transmission line where primary protection is distance relay). If the distance relay does not detect a line fault and does not trip the breaker, then after a specific time delay, the overcurrent relay will send a trip command to the breaker. In this case, the overcurrent relay is time delayed by a specific time which is just greater than the normal operating time of the distance relay plus the breaker operation time.
3) Inverse Definite Minimum Time (IDMT) Overcurrent Relay: This relay has an inverse time characteristic. This means that the relay operating time is inversely proportional to the fault current. If the fault current is higher, the operating time will be lesser [6] . It can be graded for a very large range of operating times and fault currents [7] . The characteristics of an IDMT overcurrent relay depend on the type of standard selected for the relay operation. These standards can be ANSI, IEEE, lAC or user defined. The relay calculates the operation time by using the characteristic curves and their corresponding parameters [8] . Any of the above mentioned standards can be used to implement a characteristic curve for an overcurrent relay. The overcurrent relay will then calculate the operation time corresponding to that particular characteristic curve.
In accordance with IEC 60255 or BS142, the characteristics of IDMT relays are represented with the following equation:
where: By using appropriate TMS settings, the grading of a protection network system can be achieved [9] . The range of TMS is normally 0.1 to 1.0.Different types of curves can be obtained by varying 0: and C [10] . Table I below shows values for 0: and C corresponding to each curve: 
III. OVERCURRENT R ELAY M ODELING F OR R EAL-T IME S IMULAT ION
The detailed model of an overcurrent relay is implemented in the SimPowerSystems (MATLAB/Simulink) To olbox. The reason for using the SPS To olbox is because it operates in the Simulink environment and is a dedicated tool for modeling and simulating power systems [II] . Another motivation in using SPS is because it is compatible with the OPAL-RT eMEGAsim real-time simulator [12] which is used to simulate the power system model in RT and for HIL validation of the model. Figure 2 shows the three major functional components of an overcurrent relay. These components and their functionalities are discussed next.
The block diagram presented in

A. Part 1
In order to present an accurate model of the microprocessor based overcurrent relay, the current inputs which are analog signals are converted to digital signals by Analog to Digital Conversion. In Simulink this can be achieved by using a Zero Order Hold Block. This ZOH block is available in the Discrete Library of Simulink.
B. Part 2
A digital filter is used to extract the fundamental signal. A down sampler is used in order to reduce the sampling rate. Down sampling helps avoiding anti-aliasing [13] effects. The digital filter used here is a low pass digital FIR filter [14] . Once the RMS value of the current is obtained, this current is fed into the relay protection algorithm block. This block compares the current value with the pickup value. If the input current exceeds the pickup value, the relay will compute the operation time for this scenario taking into consideration the characteristic curve (Standard Inverse, Very Inverse, Extremely Inverse or Long Inverse) and sends a trip signal once the operation time is elapsed. Figure 3 in p. 7 shows the overall Simulink model of the overcurrent relay.
The protection algorithm implemented in the model is shown in Fig. 4 , p. 7. The overcurrent model is masked to a single subsystem (block) and a graphical user interface is provided where the user can select the type of overcurrent relay (instantaneous, time definite or IDMT) and can further select the different characteristic curves for IDMT overcurrent relay.
IV. T EST C ASE IN S IMPOWER S YSTEMS
Figure. 5 shows the test case model designed in SPS to couple the overcurrent relay model and investigate its charac teristics when subjected to faults. The major components of the test case are:
• Three phase voltage source, 50 Hz, 1 kV phase voltage.
• Transmission Line (7r-section), 100 km • Three phase fault block to introduce single phase to ground, phase to phase and three phase to ground faults.
• Circuit breaker to disconnect load with trip signals from the overcurrent relay model.
• Three phase series RLC load of 1 MW.
• Simulation time step = 50 fL sec. In order to guarantee a safe, reliable and fast operation of overcurrent relays, settings such as pickup value, time multiplier settings, characteristic curves, and others, have to be chosen carefully. Otherwise, the relay can either not detect the faulted conditions (and will not trip) or send a false tripping command. Figure 6 shows some of the general steps which are followed in selecting the pickup value of the overcurrent relay. Following these steps, fault analysis of the test system was conducted. The results are shown in Fig. 7 .
Ta ble II shows the settings of the overcurrent relay model which are based on the results from fault analysis (Fig. 7 
V. S OFTWARE-IN-THE-L oop V ALIDATION
The parameters of the overcurrent relay model were up dated and the model was simulated offline. For real-time SIL validation steps presented in Figure 9 were followed. The trip signal generated from the Simulink model was sent to one of the digital output of the simulator. This digital output was looped back through one of the digital inputs. This digital input was configured to control the status of the breaker. So when a fault is introduced and the relays picks up the overcurrent condition, it sends a trip signal (digital signal 0' for normal and l' for trip) to the digital output of simulator which is coupled with the digital input of the simulator. This digital input opens the breaker in the SPS model in real-time.
In the test case model, the three phase to ground fault was applied at t=2 sec. The results for standard inverse, very inverse and extremely inverse characteristic curves are shown in Fig. 10 to 12 . Only a single phase is shown in the results as its a case of symmetrical fault and the other two phases will be phase shifted by 120 degrees. Ta ble III shows the comparison of results from proposed model with the theoretical calculations.
VI. H ARDWARE-I N-THE-L oop V ALIDAT ION
In order to validate the software model and compare its per formance with an actual relay, HIL simulation is carried out. For this purpose a transformer differential protection relay from Schweitzer Engineering Laboratories, SEL-487E [15] , is used. To amplify the low level current outputs from real time simulator, amplifiers from Megger [] 6] are used. The maximum current which can be sourced from Analog Outputs I f\l\T\Z\r\ ) of the simulator is ±20 mA. In order to make sure that the current level never exceeds this limit, the three phase current signals are attenuated by a factor of 1000. As the maximum fault current for this test case model is 3088 A (see Table II ) and the CT ratio is set to 400: 1. So the maximum fault i:
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. � Ti me (sec) current which can be seen by the relay is 7.72A. With the attenuation of this signal by a factor of 1000, the current from the Analog Outputs of the Simulator will be ± 7.72 rnA which is well within the range of the current output capacity of the simulator. In order to compensate for this attenuation, the analog outputs of the simulator are fed to SMRT-l amplifiers (Megger) which amplify the signal by the factor of 1000. This amplified signal is then fed to the CT inputs of the SEL-487E relay. In the software test model in Section IV, few modifications were made i.e. including vendor specific blocks from RT-Lab [17] library to access the Analog Outputs of the Simulator, as shown in Fig. 13 .
In addition, one digital inputs of the simulator are coupled with the digital outputs of SEL-487E, which is configured to change its contacts in case of a trip. The digital inputs of the Figure l3 shows the test case model with additional blocks which are highlighted. The overall workflow from building the model to simulating it in real time and executing HIL validation is shown in Fig. 14 .
In order to enable the overcurrent feature of the SEL-487E SEL AcSELerator Quickset [18] is used. The characteristi� curve chosen for the validation is extremely inverse curve. The same settings were incorporated in SEL-487E (Figure 15 ) as in the software model (see Table II ). A fault is introduced at t=2sec. The ACSELERATOR Analytic Assistant [] 9] is used to display event report data as oscillography. In addition Freja 300 (Relay Test System) [20] is used to inject the secondary currents to SEL-487E to confirm the tripping times obtained from HIL simulation. For standalone testing, the software interface for Freja 300 i.e. Freja Win [21] is used to give secondary injections of 0.98 A for the first 2 seconds and then a step increase in current to 7.72 A. The results are presented in Fig. 16 showing that before the fault is applied, the current input is equal to 0.98 A which is lesser than the pickup value of 1 A. As the fault is applied at t=2 sec, the current rises up to 7.72 A. At this point the relay picks up the fault and its IDMT characteristic is activated which finally generates a trip signal after 0.698 sec. As the fault is applied at t=2 sec., and operating time of relay is 0.698 sec., so the tripping time is equal to 2.698 sec. At t=2.698 sec, the relay D/O changes its contacts and thus it opens the breaker in the SPS model and the load is protected against overcurrent. Figure. 17 shows the oscillography from the event report of SEL-487E resulted from HIL simulation. As soon as the relay trips, SEL-487E generates an event report which can be viewed by using ACSELERATOR Analytic Assistant. Figure. 18 shows the operating time for SIL and HIL validations for different characteristic curves. 
VII. C ONCLUSION AND F URT HER W ORK
By utilizing Opal-RT's eMEGAsim real-time simulator, HIL testing of the proposed model is done. The results for both proposed model and HIL are shown in Table IV . Both the proposed software model and HIL gives almost the same result. The difference between Proposed Model and theoretical calculations is about 11 ms. This difference is due to the changing of states of the digital I/O of the simulator and the arc extinction process of the three phase circuit breaker used in SPS model [22] which waits for the first zero crossing of the fault current to open the breaker once its external controller changes from 0' to 1'. In case of HIL validation, there is some extra delay due to the response of the amplifiers and status changing of digital output contact of SEL-487E. Opal-RT's simulator has the provision to stream out GOOSE (61850-8-1) and Sampled Values (61850-9-2). The proposed model can be used to validate the Station Bus [23] 
